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The hexagonal resonator characteristics of an individual ZnO-nanonail’s head were investigated via
spatially resolved cathodoluminescence CL at room temperature. The positions of most of distinct
CL peaks in visible range were well matched to those of whispering gallery modes WGMs of a
hexagonal dielectric cavity when we took birefringence and dispersion of refractive indices into
account. The broad and weak peaks for TE polarization in long wavelength range were consistent
with refractive-index values below the threshold for total internal inflection. CL peaks that were not
matched to WGMs were identified as either triangular quasi-WGM or Fabry–Pérot resonance
modes. © 2008 American Institute of Physics. DOI: 10.1063/1.2952763
Zinc oxide ZnO is a promising material for UV or
visible photonic devices due to its wide band gap and large
exciton binding energy 60 meV. Whispering gallery
modes WGMs in wurtzite-structure micro- and nanocrys-
tals that have hexagonal cross sections have been one of the
most active areas in ZnO research since high Q factors of
WGMs can lead to low lasing threshold power.1–7 Lights
within a hexagonal ZnO crystal can be completely confined
by six boundaries and circulate around due to multiple total
internal reflections TIRs.
Previously, WGMs appeared in photoluminescence PL
and cathodoluminescence CL spectra of an individual ZnO
tapered nanoneedle, and micro- and nanopillars.1–3 A set of
WGM-resonance peaks riding a broad luminescence due to
defects in ZnO was observed in visible wavelength range. In
principle, both TM E c and TE Ec polarizations can
lead to WGMs in hexagonal ZnO cavities. However, previ-
ous studies showed that ZnO WGMs were preferentially TM
polarized. TE-WGM peaks were typically weak and broad,
and failed to appear in some cases. It is worth emphasizing
that experimental observation of other resonance modes
compatible with hexagonal ZnO cavities, such as quasi-
WGMs and Fabry–Pérot modes FPMs, has not been re-
ported.
Vertically aligned ZnO nanonails were synthesized on
silicon substrates within a tubular furnace by a carbothermal
reduction method using a 1:1 weight-ratio mixture of ZnO
and graphite powders as source materials. Prior to synthesis,
textured ZnO seeding layers were deposited onto silicon sub-
strates by thermally decomposing zinc acetate.8 A quartz boat
containing source material was put at the central region of a
tubular furnace maintained at 15 Torr under the flow of
134 SCCM SCCM denotes cubic centimeter per minute at
STP nitrogen and 26 SCCM oxygen, and the temperature of
the furnace was maintained at 915 °C. Substrates were
placed at the downstream position corresponding to 500 °C.
Samples were characterized by field-emission scanning elec-
tron microscopy FESEM Hitachi S-4800 and room-
temperature CL Gatan MonoCL3+ attached to a Hitachi
SEM 4600E. The electron-beam acceleration voltage was
7 kV for all CL measurements.
Figure 1a shows a low-magnification plane view
FESEM image of as-grown ZnO-nanonail samples. ZnO
nanonails are vertically aligned, and many of them have
about the same height to give compact head morphology.
However, as can be seen in the cross-sectional image in Fig.
1b, there are a few ZnO nanonails that stick out from the
compact nanonail array. These isolated nanonails have long
and thin stems and large hexagonal heads. X-ray diffraction
analysis not shown here revealed that ZnO nanonails had a
wurtzite structure and grew along the 0001 direction. How-
ever, there were defects in these ZnO nanonails so that when
bombarded with electron beams strong visible CL spectra
were observed.
If we model the nanonail’s head as a hexagonal dielec-
tric cavity, three different resonance modes can be envi-
aAuthor to whom correspondence should be addressed. Electronic mail:
soonil@ajou.ac.kr.
FIG. 1. a A low-magnification plane view FESEM image of an array of
ZnO nanonails. b A cross-sectional image of isolated individual ZnO nano-
nails. c Light paths corresponding to WGM path 1, quasi-WGM path 2,
and FP-type path 3 resonator modes, respectively, in ZnO-nanonail’s hex-
agonal head.
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sioned for CL originating from the midpoint of an edge, as
shown in Fig. 1c. The light can travel around the cavity in
a hexagonal loop path by striking a boundary at 30° inci-
dence angle of 60° and in a triangular loop path by striking
a boundary at 60° incidence angle of 30° for WGM and
quasi-WGM, respectively. In the case of FPM, the light can
travel back and forth between two opposing edges. In
any of these modes, constructive interference can occur if the
total phase shift along one full path is an integer multiple of
2. The respective TIR phase shifts for TM and TE polar-
izations are TM=2 tan−1sin2 −sin2c / 1−sin2  and
TE=−+2 tan−1n2sin2 −sin2c / 1−sin2  where n is
the refractive index of ZnO,  is the incidence angle, and c
is the critical angle.9 Taking into account the number of TIR
and path length for each mode, we obtained the following
mode equations that define a series of resonance wavelengths
in terms of integer N mode number and side length R of a
hexagonal cavity:
WGMs: TM-WGM =
33nR
N +
6

tan−11
n
3n2 − 4	 , 1
TE-WGM =
33nR
N − 3 +
6

tan−1n3n2 − 4
, 2
quasi-WGMs: TM- =
9nR
2N +
6

tan−11
n
n2 − 4
3 	
,
3
TE-WGM =
33nR
2N − 3 +
6

tan−1n3n2 − 4
, 4
FP-type modes: FP =
23nR
N
. 5
Figure 2a shows a spatially resolved CL spectrum solid
line from an individual ZnO-nanonail head with a side
length of 794 nm. The position marked by a cross in the
inset, near a midpoint of 794 nm edge of a top hexagonal
surface, was bombarded with the electron beam. In addition
to the well-known near-band-edge NBE emission at
388 nm, there is a series of sharp peaks above the broad
oxygen-vacancy CL band. It was very interesting to note that
these sharp peaks were absent in a large-area 2020 m2
CL spectrum dash-dot line of a ZnO-nanonail array. Be-
sides the weak NBE emission at 388 nm, only the broadband
centered at around 500 nm was observed.
Considering ZnO’s refractive index of 2 in visible and
corresponding critical angle of about 30°, we carried out ini-
tial identification of sharp peaks using WGM mode equa-
tions: Eqs. 1 and 2. The first trial with fixed values for n0
TE, n and ne TM, n failed to produce good agreement
with experimentally measured peak positions even when we
took the positive birefringence of wurtzite ZnO into account.
The optical axis of wurtzite ZnO is perpendicular to the hex-
agonal plane, and n is a little lager than n for both bulk
crystals and films in the visible range.9–13 However, some
degree of fit to experimental peak positions was obtained in
the second trial that took into account the wavelength-
dependent variation of refractive indices using Sellmeier’s
dispersion functions. In particular, using the dispersions
n and n of ZnO films in Ref. 11, we were able to
determine the mode number N for a series of TE and TM
modes. Once we figured out the mode number N, we in-
verted functions = fn ,N in Eqs. 1 and 2 into approxi-
mate linear functions n= f−1 ,N ,n=gN ,n. Finally, as
shown in Fig. 2b, the accurate values for n and n of a
wurtzite ZnO-nanonail head at WGM-peak wavelengths
were determined at the intersections of a series of solid lines
for different N NTM=11–17 and corresponding vertical
FIG. 2. Color online a A CL spectrum solid line from an individual
ZnO nanonail shows a series of peaks corresponding to dielectric-cavity
resonance modes convoluted with a broad oxygen-vacancy band while a
large-area CL spectrum dash-dot shows only a broad band. The integers
are the mode numbers for respective resonant mode peaks. The inset is a
top-view SEM image of a ZnO nanonail with a side length of 794 nm, and
the position bombarded with electron beam is marked with a cross. b The
series of scanted solid and dash lines are, respectively, the inverse functions
of TM-WGM Eq. 1 and TE-WGM Eq. 2 mode equations with the
corresponding mode numbers in a. The intersection points determine the
birefringent refractive indices at peak wavelengths: solid circles for TM
modes and solid triangles for TE modes. c The dispersion curves for n0
and ne were deduced by fitting the peak-position refractive indices solid
circles and sold triangles to Sellmeier’s equations. The dispersions of re-
fractive indices of epitaxially grown films and bulk crystals are shown for
comparison. The inset show the inversion point of bulk crystals.
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solid lines solid circles, and at those of a series of dash
lines NTE=13–20 and vertical dash lines solid triangles,
respectively.
The wavelength-dependent refractive indices of a
birefringent ZnO nanonail, n and n, were deduced
using Sellmeier’s dispersion functions that could fit the re-
spective refractive indices at TM-WGM solid circles and at
TE-WGM solid triangles peak positions as follows:
n = 1 + 2.95352
2 − 82.302
+
0.16602
2 − 358.602
+
0.10502
2 − 17502	
1/2
, 6
n = 1 + 2.48852
2 − 102.302
+
0.21502
2 − 372.602
+
0.25502
2 − 18502	
1/2
. 7
It was interesting to find that the birefringence of a ZnO
nanonail in the visible range was larger than those of epitaxi-
ally grown films11 and bulk crystals,10,12,13 as shown in Fig.
2c. Moreover, the inversion point for the ZnO nanonail was
given by the fitted curves as 416 nm, a significant redshift
compared to that of a ZnO single crystal10 at 396 nm in the
inset. At the inversion point, n and n are identical, and the
positive birefringence nn in the visible range changes
into the negative birefringence n	n below the inversion
point. Sellmeier’s dispersion functions in Eqs. 6 and 7
allowed us not only to reproduce the positions of prominent
TE- and TM-WGM peaks exactly, but also to predict the
positions of faint peaks; peak positions corresponding to
NTM=18 and NTE=21 are denoted by asterisks in Fig. 2a.
As it turned out, we were able to fit WGM-peak positions of
other ZnO nanonails of similar dimensions as well using
n and n in Fig. 2c data not shown here. More-
over, we were able to predict the peak positions of other
resonance modes using Eqs. 3–5. The estimation of peak
positions for FPMs and quasi-WGMs near the maximum of
the broad oxygen-vacancy CL band showed that TM-
polarized quasi-WGM would occur at TM-=493 nm for
NTM-=15 and TM-polarized FPM at TM-FP=520 nm for
NTM-FP=11. It is worth emphasizing that as denoted by the
two arrows in Fig. 2a, there were two features unassigned
to WGMs at 493 and 521 nm in the CL spectrum. Consider-
ing the fact that the reflectance of visible light at the ZnO-air
boundary never exceeded 13% at normal incidence regard-
less of polarization, it is surprising to find a rare FP-type
mode.
One interesting observation was asymmetric variations
of TM-WGM and TE-WGM peaks. For wavelengths shorter
than 500 nm, TE-WGM peaks were stronger than the
TM-WGM ones, and TM-WGM peaks were hardly distin-
guishable from the broad background emission. In the wave-
length range over 500 nm, TM-WGM peaks remained
strong and sharp while TE-WGM peaks became broad and
weak. These asymmetric variations suggest that the light
confinement and loss were polarization and wavelength de-
pendent. In particular, it appears that as n n0 became
smaller and smaller, light confinement of TE-WGMs became
worse and worse. Consequently, the quality factor Q factor
of the resonance modes degraded more at a longer wave-
length; as Q factor decreased, resonance peaks became broad
and weak.
In summary, we observed a series of resonance modes in
the CL spectrum from the hexagonal head of a single ZnO
nanonail. Most of the CL peaks were identified as TM- and
TE-WGM resonances through the systematic analysis based
on the mode equations and Sellmeier’s dispersion functions.
The refractive indices of ZnO nanonail determined in this
work confirmed the positive birefringence in the visible
range, but n and n were different from those of epi-
taxially grown ZnO films and bulk crystals. We not only
reproduced the peak positions for WGM for both polariza-
tions using the mode equations together with n and
n, but we were also able to identify quasi-WGM and
FPM. Finally, we accounted for some important features of
the CL spectrum in terms of the magnitude and wavelength
dependence of n and n.
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